Variation for K+ and Na+ accumulation at low salinities in hydroponic (xwater) culture wvere observed in shoots of different wvheat species. Greater discrimination (in favour of K+ and against Na+ accumulation) wvas showvn by hexaploid bread wvheat (Triticurn aestivurn L.) than by tetraploid durum wvheat (T. turgidurn L.). Since Aegilops tauschii Cosson (A. squarrosa L.), the source of the D genome in bread wvheat, also exhibited high discrimination betwveen K+ and Na+, it wvas concluded that the character resided in the D genome. Studies of aneuploid bread wheat lines and disomic substitution lines of D genome chromosomes for their A and B genome homoeologues in durum wvheat cv. Langdon revealed that the trait wvas controlled by the long arm of chromosome 4D. Since the aneuploid and disomic substitution lines showved better relative salt tolerance than durum wvheat, but had lowver yield potentials, we recombined chromosome 4D with chromosome 4B in a tetraploid wheat background using a homoeologous pairing mutant. This produced families of 4D/4B recombinant lines, some of which exhibited the enhanced K+/Na+ discrimination trait. RFLP analysis confirmed that the trait wvas controlled by a single gene (Knal) wvhich wvas completely linked to five markers on the distal third of the long arm of 4D. A second cycle of homoeologous recombination wvas employed to remove the distal 4D genetic material from the recombined Knal 4B/4D chromosome and to map Knal in greater detail. By this strategy, Knal wvas mapped wvithin a short 2 cM region. Genetic analysis of K+: Na' ratios showved very high LOD scores in this region for plants growvn in solution culture, but lowver values for plants growvn in the field.
INTRODUCTION
In experiments on the ancestors of modern wheat species, differences in K+ and Na+ accumulation at low (< 100 mol m-3 NaCl) salinities in hydroponic (water) culture were observed in shoots of the different wheat and Aegilops species (Wyn Jones, Gorham & McDonnell, 1984; Shah et al., 1987) .
Greater discrimination (in favour of K+ and against Na+ accumulation) was shown by hexaploid bread wheat (Triticum aestivum L.) than by tetraploid durum wheat (T. turgidum L.). Since Aegilops tauschii Cosson., the source of the D genome in bread wheat, also exhibited high discrimination between K+ and Na+, it was concluded that the character resided in the D genome. The S-genome Aegilops species, which are related to the genome of wheat, did not show enhanced K+/Na+ discrimination (Gorham, 1990b) . Further investigations (Gorham et al., 1991; Gorham, 1993) suggested that although the trait was exhibited by diploid wheats (T. monococcum L. and T. urartu Thum.), and survived in tetraploid T. timopheevi Zhuk. (genome SSAA), it had been lost during the evolution of T. turgidum (genome BBAA). Within the tribe Triticeae the enhanced K+/Na+ discrimination trait was also observed in U-, MVI-and T-genome Aegilops species (Gorham, 1990b) , rye and triticales and synthetic hexaploid wheats (Gorham 1990c ) derived from tetraploid wheat and Aegilops tauschii. It was not exhibited by cultivated barley (Hordeum vulgare L.) or its wild relative H. spontaneum , or by perennial wheatgrasses (Gorham, 1994) , both of which are more salt-tolerant than bread wheat (see King et al., 1997) . For other wild barley species the picture is not clear (Gorham, 1992 (Gorham, , 1993 .
Physiological investigations showed that the trait affects transport of K+ and Na+ to the shoots, with little effect on root ion concentrations or on anion accumulation in leaves, and that the main site of action is probably at xylem loading in the roots . Although the trait can be demonstrated at all salt concentrations, it is most apparent at low salinities (< 100 mol m-3).
At higher salinities other mechanisms which control ion accumulation appear to be more important.
Experiments with disomic substitution lines in which D-genome chromosomes replaced their A and B genome equivalent in durum wheat cv. Langdon revealed that the trait was controlled by the long arm of chromosome 4D . Further investigations with aneuploid bread wheat lines based on cv. Chinese Spring located the trait on the long arm of chromosome 4D. Gene dosage had little effect on expression of the trait since lines tetrasomic for chromosomes 4D had similar leaf K+ and Na+ concentrations to disomic 4D lines.
Since some aneuploid lines showed better relative salt tolerance than durum wheat, but (as aneuploids) had low yield potentials, we recombined 'Chinese Spring' chromosome 4D from the 'Langdon' disomic 4D(4B) substitution line with chromosome 4B in a tetraploid wheat background using the homoeologous pairing mutant phlc in cv. Senator Cappelli (Dvorak & Gorham, 1992) . Initially this produced 39 families of 4D/4B recombinant lines, and nine out of 27 lines tested in hydroponics exhibited the enhanced K+/Na+ discrimination trait.
Na+ concentrations in young leaves fell into two nonoverlapping classes, and subsequent RFLP analysis of 129 families (Dubcovsky et al., 1996b) confirmed that the trait was controlled by a single gene (Knal) which was completely linked to five markers (XWgl99, Xabc3O5, Xbcd4O2, Xpsr567 and Xpsr3 75) on the distal third of the long arm of 4D.
To remove the distal 4D genetic material from the Knal recombined chromosomes, and to further map the Knal locus, two lines were subjected to another round of homoeologous recombination in the absence of the phl locus (Luo et al., 1996) . By this procedure, Knal was mapped in a 1 1 cMVi region on the 4B/4D map. This region spans markers Xmwg2112 and Xpsr375. This region was partially mapped in T. monococcum where the distance from Xwmg2112, a marker immediately preceding Xpsr375, is 2-8 cMVI (Dubcovsky et al., 1996 a) . This estimate of the length of the region including Knal is similar to its estimate from the 4B/4D map, 2 2 cmVI, obtained by doubling the length of the region on the homoeologous 4B/4D map, since the homoeologous and homologous maps are in a 1 :2 proportion at the end of the chromosome.
QTL analysis of K+/Na+ ratios in young leaves of glasshouse (hydroponic)-and saline-field-grown plants (Dvorak et al., 1994) showed very high LOD scores in this region for plants grown in hydroponics, but lower values for plants grown in the field. In general, recombinant lines which exhibited the enhanced K+/Na+ trait were slightly more tolerant of salinity in the field than recombinants lacking the trait (Dvorak et al., 1994) . There was however, considerable variation between individual lines, which is understandable considering that they originated from a hybrid involving into very different genetic backgrounds. We now report on the effect of Knal on the performance of tetraploid wheat in a variety of conditions.
MATERIALS AND METHODS

Triple line sprinkler, Spain
Field studies were performed in 1990 and 1991 using a triple line source (TLS) sprinkler system developed and evaluated by Aragu6s, Royo & Faci (1992) . Plots of hexaploid wheat cv. Siete Cerros, tetraploid wheat cv. Langdon, the Langdon 4D(4A) disomic substitution line (Joppa & Williams, 1988) and an amphiploid (Forster, Gorham & lMIiller 1987) between hexaploid wheat cv. Chinese Spring and Osram, UK). Pots were filled with washed sand and three seeds were sown per pot. The pots were placed over metal mesh benches for free drainage. Eight recombinant genotypes (Dvorak & Gorham 1992) were used, five Knal (R3, R63, R112, R146, R173) and three knal (R21, R23, R165). Of the latter, one was a short-arm recombinant genotype (R21), two were long-arm recombinant genotypes. Two seeds were sown per 2 dm3 pot on 24 July 1993 and were thinned to one uniform plant 1 wk after germination.
Two salinity treatments, 0 (control) and 150 mol m-3 NaCl, were studied, each with 10 replicates. Salt was applied on alternate days in Phostrogeng-based nutrient solution at 0 5 g 1-1 with 0 5 ml 1-1 micronutrient solution (Hoagland & Arnon, 1950) XksuH I Mi xkS 1 j XksuH1 XksuHlI 1 XksuH11 
Statistical analysis
Results were analysed using the Minitab (DESCRIBE, ANOVA and GLM) software package to assess significant differences among the genotypes, treatments, blocks and their interactions. The sand and hydroponic culture experiments were completely randomized designs. The variances of the untransformed data were assumed to be normal and homogeneous. The data are presented with SE of the means and were tested for significant differences between means at P > 0 05.
RESULTS
Spain
Figure 1 presents data from the triple line sprinkler system in Zaragoza. It can be seen that the T. aestivum x Th. bessarabicum amphiploid had the lowest yield potential (yield at low salinity), followed by the 'Langdon' disomic 4D(4A) substitution line (Fig. 1 a) . The highest yield was exhibited by the hexaploid wheat cv. Siete Cerros, whilst the yield of 'Langdon' was somewhat lower. Expressing the grain yield for each genotype as a percentage of that obtained at low salinity (according to the model of van Genuchten (1983)), it is evident that 'Langdon'
was the least tolerant in relative terms, whereas the amphiploid had the highest relative yields at high salinities ( Fig. 1 b) . 'Siete Cerros' and the disomic substitution line were intermediate between these
two.
Analysis of Na+ and K+ concentrations in the third youngest leaf (Fig. 1 c, d ) showed opposite trends for the two ions. Na+ was highest in 'Langdon' and lowest in the amphiploid, whereas K+ was highest in the amphiploid and lowest in 'Langdon'. The Na+ concentrations were much higher in R23 than in the other lines (Fig. 3 a) , and generally higher in the knal than the Knal lines. In general, the reverse was true for potassium ( Fig. 3 b) , except that among the Knal lines R173 had low K+ concentrations and R146 had exceptionally high K+ concentrations.
RI 12 had the lowest Na+ concentrations.
Grain yield (Fig. 3 c) was highest in RI 12 and nonexistent in R23, giving for these two lines a very good inverse correlation between Na+ accumulation and yield under salinity. Looking at the other lines, there were considerable differences within the two groups (Knal and knal), but overall the Knal group had the higher mean yield.
Sodic soil
A consistent increase was observed in Na+ accumulation with higher ESP levels in R165 (Fig. 4) , whereas in R3 there were non-significant differences between the Na+ concentrations at 3 2 and 12 5 ESP.
A gradient in the Na+ concentration for leaves of different ages for both genotypes was also observed and higher Na+ concentrations were observed in older leaves than in younger ones (data not shown).
Both genotypes had highest K+ concentrations at 12 5 ESP, whilst a reduction was found at 50 ESP only for R165. A gradient was also observed in K+ concentrations of different leaves of both genotypes and higher concentrations were measured in younger leaves than in older leaves (data not shown). An increase in Na+ concentration was observed with a decrease in K+ level for the two lines, but the differences between R3 and R1i65 were only significant at the higher K+ level. There was a change between 1 and 6 mol m-3 K+ in the response of the two lines for K+ accumulation in the leaves. At low K+ nutrition R1i65 had higher leaf K than R3, but the reverse was true at 6 mol ma3 K.
The data quoted by Dubcovsky et al. (1996b) point to differences in the extent of K+/Na+ discrimination between field and hydroponic culture. Taking R3 as representative of the Knal group and R165 as representing the knal lines (Dvorak & Gorham, 1992) , it is clear that differences in ion accumulation between the two lines in hydroponics (Fig. 5) are not as obvious in sand culture (Fig. 3) or perhaps in the field, although data from Figure 1 suggest that such differences might still be detectable at least between 'Langdon ' and the 4D(4A) disomic substitution line. From the sand culture experiments (Fig. 3) , experiments in soil in a flood bench (Gorham & Bridges, unpublished) , and from the field data of Dvorak et al. (1994) , it is also apparent that the Knal gene is not the only factor controlling ion accumulation or yield under salinity. Indeed, the recombinant lines vary considerably in yield under non-saline conditions (Dvorak et al., 1994) .
There are two main sources of this complicating variation. The first is the genetic material collaterally transferred into tetraploid wheat on other parts of the 4D chromosome (Fig. 2) (Luo et al., 1996) . Whatever the source of the variation, and the consequences for demonstrating the relevance of Knal to salt tolerance, the material should be viewed as a valuable source of variation for durum wheat breeding.
We have attempted to answer here two further questions about the Knal trait. Does it have any implications for sodicity tolerance and is it useful in conditions of low K+ nutrition? For the first question, the data in Figure 4 suggest that the trait might be beneficial for sodic as well as saline conditions, although again, one must be careful when comparing glasshouse experiments, especially in well-drained artificial soils, with field situations. Allen, Wyn Jones & Leigh (1995) could not detect any differences in two Na+ transport processes in membrane vesicles from tetraploid and hexaploid wheat, but this would not be expected if the trait acts specifically on xylem loading .
Progress in the genetics and physiology of highaffinity transporters and low-affinity channels in wheat (Schachtman & Schroeder, 1994; Smart et al., 1996) might help to clarify other processes involved in K+/Na+ discrimination.
Progress in molecular mapping of wheat chromosomes Dvorak et al., 1995) should help to explain the loss of expression of Knal in the evolution of the A genome from diploid to tetraploid (durum) wheats (Gorham et al., 1991) (see also Law & Worland, 1997) .
